Today, many objects that we come across in our daily lives, including the house in which we live and the materials we use (e.g., toothbrushes, pots and pans, refrigerators, televisions, computers, cars, furniture) all come under the "umbrella" of coated materials. Likewise, fields such as military applications -for example, vehicles, artilleries and invisible radars -and aerospace products such as aircraft, satellites and solar panels all involve the widespread use of coated materials. Clearly, the importance of coatings has increased hugely during the modern era of technology.
What are Functional Coatings?
Coatings are mainly applied on surfaces for decorative, protective, or functional purposes, but in most cases it is a combination of these. The term "functional coatings" describes systems which possess, besides the classical properties of a coating (i.e., decoration and protection), an additional functionality [7] . This additional functionality may be diverse, and depend upon the actual application of a coated substrate. Typical examples of functional coatings are self-cleaning [8, 9] , easy-toclean (anti-graffiti) [10] , antifouling [11] , soft feel [12] and antibacterial [13] [14] [15] . Although various mechanisms are involved, as well as numerous applications, there is a common feature that is of particular benefit and which satisfies some users' demands. Most coatings (whether inorganic, organic or ceramic) perform critical functions, but as these fields are extensive it is beyond the scope of this book to include all of them at this stage. Thus, the discussion here is limited to coatings with organic binders.
Types and Application of Functional Coatings
Apart from their special properties, functional coatings must often satisfy additional requirements; for example, nonstick cookware coatings must be resistant to scratching, abrasion and thermal effects. Typical expectations of functional coatings include:
• durability • reproducibility • easy application and cost effectiveness • tailored surface morphology • environmental friendliness Functional coatings can be classified as several types depending on their functional characteristics ( Fig. 1.2 ).
Functional coatings perform by means of physical, mechanical, thermal and chemical properties. Chemically active functional coatings perform their activities either at film-substrate interfaces (anticorrosive coatings), in the bulk of the film (fire-retardant or intumescent coatings), or at air-film interfaces (antibacterial, self-cleaning) [16] .
Some applications of functional coatings are discussed in the following sections.
Anticorrosive Coatings
It is known that, when iron is exposed to a natural atmosphere, then rust is formed. Although the rusting of iron or steel is usually termed as corrosion, the latter is a general term which is used to define the destructive interaction of a material with its environment. Corrosion usually refers to metals, though nonmetallic substrates such as plastics, concrete or wood also deteriorate in the environment. Corrosion causes enormous industrial losses with a depletion of our natural resources. When two areas of a metallic component are exposed to different operational environments, or they differ in their surface structure or composition, an electrical potential is developed. Corrosion is in fact an electrochemical process where the electrical cell is composed of an anode (the corrosion site), an electrolyte (the corrosive medium), and a cathode (part of the metal which is active in the corrosion process but does not itself corrode) [17] .
In general, organic coatings are applied onto metallic substrates in order to avoid the detrimental effect of corrosion. The anticorrosive performance of the coating depends upon several parameters, including: adhesion to metal, thickness, permeability, and the different properties of the coating. In most cases, the primer is mainly responsible for protecting the metallic substrate and adhering to other coating layers. In this context, surface preparation is essential in order to provide good adhesion of the primer to the metallic substrate [18] . The mechanisms by which organic coatings offer corrosion protection are summarized as follows.
• Sacrificial means: The use of a sacrificial anode such as zinc to protect steel is a longstanding and well-known industrial practice. The zinc layer on galvanized steel degrades when exposed to an adverse environment, and this protects the underneath surface. Using a similar approach, both inorganic and organic resinbased, zinc-rich coatings have been developed to protect a variety of metal substrates [19, 20] .
• Barrier effect: In general, polymeric coatings are applied to metallic substrates to provide a barrier against corrosive species. They are not purely impermeable. Moreover, defects or damages in the coating layer provide pathways by which the corrosive species may reach the metal surface, whereupon localized corrosion can occur. Pigments having lamellar or plate-like shapes (e.g., micaceous iron oxide and aluminum f lakes) are introduced to polymeric coatings; this not only increases the length of the diffusion paths for the corrosive species but also decreases the permeability of the coating [21] . Other pigments such as stainless steel f lakes, glass f lakes and mica are also used for this purpose. The orientation of the pigments in the coating must be parallel to the surface, and they should be highly compatible with the matrix resin to provide a good barrier effect. Layered clay platelets such as montmorillonite may also be introduced into organic resin systems to increase the barrier effect towards oxygen and water molecules, thereby enhancing the anticorrosive performance of the coating ( Fig. 1.3 ) [22] .
• Inhibition: Traditionally, chromate-and lead-based pigments are the most common compounds used as corrosion inhibitors to formulate anticorrosive primers for metallic substrates. These substances are considered to be toxic and ecologically unsafe, and therefore the search for new alternative anticorrosive pigments is under way. Today, primers containing metallic phosphate, silicate, titanate or molybdate compounds are available commercially. These pigments form a protective oxide layer on the metallic substrates, and often also form anticorrosive complexes with the binder. To reduce the cost, a number of elements and compounds have been combined to develop an effective anticorrosive pigment, including aluminum zinc phosphate, calcium zinc molybdate, zinc molybdate phosphate, calcium borosilicate, and strontium phosphosilicate. Organofunctional silanes have emerged recently as alternative chromate treatments for metals due to their environmental friendliness and good anticorrosion properties [23] . The main disadvantage of using silane is that the substrate must bear hydroxyl groups on its surface. Thus, silane technology offers less f lexibility compared to the titanate-based chemistry [24] . Another modern development is the use of intrinsically conductive polymers (ICPs) in the corrosion protection of metals (see Chapter 6) [25, 26] . A different approach is the use of core-shell materials (e.g., a ferric oxide core with a shell of zinc phosphate or anticorrosive titanium dioxide coated with an organic polymer) to develop anticorrosive primers [27, 28] . Self-priming, chromate-free, corrosion-resistant coating compositions have also been investigated [29] . Smart corrosion-inhibiting coatings such as the inclusion of a pH indicator into a paint formulation that can cause color change when corrosion occurs are presently under investigation. Recent developments also include the use of nanoclay that can exchange anticorrosive agents with the corrosive species when needed. Although these innovative research projects have not yet provided any new commercial products, they offer a variety of interesting routes for future developments.
High Thermal-Resistant and Fire-Retardant Coatings
High thermal-resistant coatings are required for a wide variety of metallic substrates that we encounter in everyday life, including nonstick cookware, barbecues and boilers. Fluorine-or silicon-based products are used to obtain a high thermal resistance for the above-mentioned products. Fluorinated coatings are not suitable for high-temperature applications as they degrade above ~300 ºC and produce toxic byproducts. Although other binders such as phenolic or epoxy are used to pre- pare high thermal-resistant coatings, at present silicon-containing coatings dominate the market. Silicon-containing polymers offer better thermal resistance due to the high energy required to cleave silicon bonds compared to carbon bonds in analogous molecules. Recently developed silicon-based coatings are able to resist temperatures of up to 1000 ºC. Silicon derivatives such as silicone resins (siloxanes) or inorganic silicates are commonly used for high-temperature applications. Silicon-containing materials are expensive, however, and consequently copolymers or blends of silicones with acrylate, epoxy or urethanes are very often used to save costs. Recent reports have been made of innovative ways to design thermal-resistant coatings; for example, titanium esters in combination with aluminum f lakes have been incorporated into binders that resist temperatures up to 400 ºC. Above this temperature "burn off" occurs and a complex coating of titanium-aluminum is formed that deposits on the substrate and enhances thermal resistance up to 800 ºC [30] .
The devastating nature of fire creates havoc and results in great loss of lives and property. Thus, the need to develop fire-retardant coatings is constantly growing. Although protection against fire by the use of coatings for indefinite periods is impossible, the use of fire-retardant coatings can delay the spread of fire or keep a structure intact against fire, thereby allowing sufficient time for safety measures to be taken. Today, several types of fire retardant are available, including phosphoruscontaining, halogen-based and intumescent fire-retardant systems, each with a different principle of operation. Phosphorus-containing compounds function by forming a protective layer either as a glassy surface barrier or by producing char. Halogen-and antimony-based fire retardants are both toxic and ecologically unsafe.
Intumescent coatings form an expanded carbonaceous char which acts as a protective barrier against heat transfer and hinders the diffusion of combustible gases and melted polymer to the site of combustion. These coatings are composed of three components: (i) an inorganic acid (dehydrating agent); (ii) a carbonaceous char-forming material; and (iii) a blowing agent. The performance of the intumescent system depends on the choice of the ingredients and their appropriate combination [31, 32] . Nowadays, expandable graphites are available commercially as fireretardant agents; these contain chemical compounds, including an acid, entrapped between the carbon layers. Upon exposure to higher temperatures, exfoliation of the graphite takes place and this provides an insulating layer to the substrate [33] . A combination of polyurethane and phosphate serves as a well-known fire-retardant intumescent system. One problem associated with these systems results from the solubility of phosphates in water, and this leads to problems of migration. Nonetheless, this difficulty can be avoided by encapsulating phosphates (di-ammonium hydrogen phosphate) within a polyurethane shell and, indeed, the use of microencapsulated fire retardants in polyurethane coatings has shown good fire resistance [34] . Today, silicon-or inorganic hydroxide-based fire-retardant coatings are used in a wide variety of industrial applications [35, 36] . Recently, polymer clay (layered silicates) nanocomposites have also been explored for the development of fire-retardant coatings [37, 38] .
Scratch-and Abrasion-Resistant Coatings
Coatings are susceptible to damage caused by scratch and/or abrasion. Clearly, the consumer prefers to retain the aesthetic appearance of coated materials, and for this reason clear coats used on automobiles must have good scratch and abrasion resistance. An added problem is that scratches may also cause damage to the underlying substrate.
Many companies worldwide have undertaken the challenge of improving the scratch resistance of a coating, without adversely affecting its other properties. Scratch resistance can be obtained by incorporating a greater number of crosslinks in the coating's binder, but unfortunately highly crosslinked (hard) films have poor impact resistance due to less f lexibility. A less-crosslinked (softer) film will show better performance with regard to other properties such as anti-fingerprint and impact resistance, but will have less scratch and abrasion resistance. Thus, in order to Figure 1 . 4 Schematic structure of grafted silica nanoparticles and radiation-cured grafted silica/acrylate networks (adapted from reference [41] ).
obtain optimal scratch resistance the correct combination of hardness and f lexibility is required. In this context, organic-inorganic hybrid films are paving the way for scratch-resistant coating developments. Recent advances in nanotechnology plays an important role in the development of scratch-resistant coatings [39, 40] . Gläsel et al. have shown the use of siloxane-encapsulated SiO 2 nanoparticles to develop scratch-and abrasion-resistant coatings [41, 42] (Fig. 1.4) .
PPG industries have developed scratch-resistant coatings by incorporating SiO 2 nanoparticles into an organic matrix that can migrate to the surface. In this way the scratch resistance is enhanced due to an enrichment of the nanoparticles near the coating surface [43] . Coatings with good abrasion and scratch-resistant properties have also been reported by others [44, 45 ].
Self-Cleaning Coatings
Self-cleaning coatings, as the name suggests, have a special functional property, and today the term Lotus effect ® and self-cleaning are synonymous. Although these surfaces can be soiled, manual cleaning is unnecessary and a shower of rain is sufficient to carry out the cleaning process. In 1997, Barthelott and coworkers showed that the self-cleaning property of lotus leaves was due to their specialized surface morphology and hydrophobicity [46] (Fig. 1.5a ).
This specialized morphology prevents dirt from forming an intimate contact with the surface, while the high hydrophobicity makes the leaf water-repellent. Consequently, as the water droplets roll onto the leaf surface, they carry along the contaminants ( Fig. 1.5b ). Since the initial discovery by Barthelott, many groups have attempted to mimic this activity to develop self-cleaning or lotus-effect coatings [47] . Detailed discussions on this concept, the underlying mechanism and the different applications of self-cleaning coating surfaces can be found elsewhere [46] , with kind permission of Springer Science and Business Media. [9, 48, 49] . One very recent report noted that lotus leaves may be either hydrophilic or hydrophobic, depending on the contact of water molecules at the leaf surface [50] .
During the past few years, self-cleaning coatings using photocatalytic titanium dioxide (TiO 2 ; especially the anatase crystalline form) have attracted considerable attention both in academic and industrial sectors. When photocatalytic TiO 2 particles are illuminated with an ultraviolet light source (e.g., sunlight), electrons are seen to be promoted from the valence band (VB) to the conduction band (CB) of the particle [51, 52] . This creates a region of positive charge (h + ), holes, in the VB and a free electron in the CB. These charge carriers can either recombine or migrate to the surface, while the holes can react with the hydroxyl or adsorbed water molecules on the surface and produce different radicals such as hydroxyl radicals (OH·) and hydroperoxy radicals (HO 2 ·). By contrast, the electrons combine with the oxygen and produce superoxide radicals. These photo-produced radicals are powerful oxidizing species and can cause the deterioration of organic contaminants or microbial species on the particle surface. The other beneficial effect of TiO 2 is its super hydrophilic behavior, commonly known as the "water sheathing effect" [53] . This allows contaminants to be easily washed away with water or rainfall if the coatings are applied to external surfaces. Both photocatalysis and hydrophilicity occur simultaneously, despite their underlying mechanisms being of an entirely different nature. The addition of silicon oxide to TiO 2 has also been shown to enhance the overall self-cleaning properties [54] .
Photocatalytic TiO 2 particles cannot be incorporated or deposited on the organic coating, as they oxidize the polymer. Recent developments have revealed the use of TiO 2 particles in combination with organic resins [55] [56] [57] .
Antibacterial Coatings
In today's world, reports of outbreaks of disease in hospitals or problems caused by food poisoning are all-too-frequent occurrences. Microorganisms such as bacteria, fungi or viruses represent potential threats for our modern hygienic lifestyle. Microbial growth on coated substrates may have several adverse consequences, including problems of aesthetics (discoloration of the coating), risks to health and hygiene, malodor, biofilm development or microbial corrosion in the case of metallic substrates. Organic coatings are susceptible to microbial attack, and the properties of the coating and its composition, the presence of nutrients on the surface and the nature of substrates represent the main parameters that determine the types of microorganisms able to colonize the coating. A schematic representation of biofilm formation by microorganisms is shown in Figure 1 .6.
The classical biocides function either by inhibiting the growth of bacteria (biostatic) or by killing them (biocidal) (Fig. 1.6 ). However, new legislations, combined with growing pressure from the environmentalists and the possibility of bacterial mutation have forced coating manufacturers to seek new alternatives. Today, more emphasis is placed on the development of biorepulsive (without killing) antibacterial coatings.
A wide variety of organic or inorganic biocides are available commercially, and these demonstrate a wide variety of biocidal and biostatic mechanisms [58] . For example, biocides containing heavy metal ions function by penetrating the cell wall and inhibiting the bacterium's metabolic enzymes, whereas antimicrobial agents with cationic surfaces cause rupture of the bacterium's cytoplasmic membrane. Examples of organic biocides include polymers, tertiary alkyl amines and organic acids [59, 60] , while inorganic biocides include silver, zinc oxide (ZnO), copper oxide (CuO), TiO 2 , and selenium [61] [62] [63] [64] [65] [66] . Microcapsules containing biocides have also been developed in order to increase the longevity and efficiency of antimicrobial coatings [67] [68] [69] .
Antifouling Coatings
Marine organisms represent a major threat to all objects used within a marine environment, and the unwanted growth or deposition of such organisms being termed as "fouling". Fouling is generally more prominent in coastal waters where ships or boats are either docked or travel at slow speed. Depending upon the types of marine organism involved, fouling is of two main types, namely microfouling and macrofouling.
Microfouling is caused by diatoms and bacteria, whereas macrofouling is caused by marine animals (barnacles, tubeworms) and plants (algae). Both biocidal and nonbiocidal coatings are used to prevent foulings. Biocide-based antifouling coatings function by slow leaching of the incorporated biocides into the coating. For reasons of stringent legislation and toxicity, the use of biocides is restricted on a daily basis. For example, tributyl tin (TBT) is a highly efficient marine biocide, but it is no longer used due to its toxicity. It is important that the biocide does not have any adverse effects on marine life while carrying out its antifouling activity. For long-term antifouling effects, either controlled-release or contact-active biocides are required [70] .
Recently, a number of antifouling products have been developed using microencapsulation technology [71, 72] . For the nonbiocidal approach, polymers with low surface energy are used in order to avoid the adhesion of marine organisms, and silicone elastomers are widely used for this purpose. However, this approach is only effective when the vessels move at relatively high speeds, for example ferries.
The specialized applications of coatings are almost unlimited, and developments of special effect pigments offer new possibilities for the design of functional coatings [73, 74] . In this context, infrared (IR)-ref lective pigments are in great demand for the development of "cool roof" coatings, while ultraviolet (UV)-resistant coatings have been developed for outdoor applications [75] . Water-borne functional coatings are becoming more popular than the solvent-borne systems due to their eco-friendly behavior [76] .
Microencapsulation
The encapsulation of materials has evolved from examples in Nature, wherein numerous examples exist, ranging from macroscale to nanoscale. Nature envelops materials to protect them from environmental inf luences; the simplest example on a macroscopic scale is a bird's egg or a seed, while on a microscopic scale the best example is that of a cell along with its contents [77] . The development of microencapsulation began with the preparation of capsules containing dyes; these were incorporated into paper for copying purposes and replaced carbon paper [78] . The pharmaceutical industry has long used microencapsulation for the preparation of capsules containing active ingredients, though as time passed a variety of new technologies have emerged and are being developed in many fields of research. During the past 10 years this approach has been explored widely by the agricultural, food, cosmetic, and textile industries. Microencapsulation provides the possibility of combining the properties of different types of material (e.g., inorganic and organic) -a process which is difficult to achieve using other techniques. Although microencapsulation offers great potential in the coating industry, very little development has been carried out to date in this area. Extended reviews of microencapsulation techniques and processes can be found in references [79] [80] [81] [82] [83] .
Microencapsulation cannot be defined as a product or as a component of a product. Rather, it is described as a process of enclosing micron-sized particles of solids or droplets of liquids or gasses in an inert shell, which in turn isolates and protects them from the external environment. The inertness is related to the reactivity of the shell with the core material. This technology is mainly used for the purpose of protection, controlled release, and compatibility of the core materials (see Chapter 7).
Microcapsules
The resultant product of the microencapsulation process is termed a "microcapsule". Such capsules are of micrometer size (>1 μm), and have a spherical or ir-regular shape. Microcapsules can be divided into two parts, namely the core and the shell. The core (the intrinsic part) contains the active ingredient (e.g., a hardener or a biocide), while the shell (the extrinsic part) protects the core permanently or temporarily from the external atmosphere. A microcapsule is shown schematically in Figure 1 .7.
Core materials in microcapsules may exist in the form of either a solid, liquid or gas. The core materials are used most often in the form of a solution, dispersion or emulsion. Compatibility of the core material with the shell is an important criterion for enhancing the efficiency of microencapsulation, and pretreatment of the core material is very often carried out to improve such compatibility. The size of the core material also plays an important role for diffusion, permeability or controlledrelease applications. Depending on applications, a wide variety of core materials can be encapsulated, including pigments, dyes, monomers, catalysts, curing agents, f lame retardants, plasticizers and nanoparticles.
The abundance of natural and man-made polymers provides a wider scope for the choice of shell material, which may be made permeable, semi-permeable or impermeable. Permeable shells are used for release applications, while semi-permeable capsules are usually impermeable to the core material but permeable to low molecular-weight liquids. Thus, these capsules can be used to absorb substances from the environment and to release them again when brought into another medium. The impermeable shell encloses the core material and protects it from the external environment. Hence, to release the content of the core material the shell must be ruptured by outside pressure, melted, dried out, dissolved in solvent or degraded under the inf luence of light (see Chapter 7). Release of the core material through the permeable shell is mainly controlled by the thickness of the shell wall and its pore size. The dimension of a microcapsule is an important criterion for industrial applications; the following section will focus on spherical core-shell types of microcapsules ( Fig. 1.8) .
Assuming that the density of the core (ρ c ) and shell (ρ s ) materials are identical (i.e., ρ c = ρ s ), it is possible to establish the relationship between the shell thickness (d s = r m -r c ) and the ratio of the weight of the shell material (w s ) to that of the core material (w c ): After rearranging, the following equation is obtained:
Equation (2) shows a linear relationship between the shell thickness and the capsule diameter when the ratio of w c /(w s +w c ) is in the range of 0.50 to 0.95 [83] .
Morphology of Microcapsules
The morphology of microcapsules depends mainly on the core material and the deposition process of the shell. Microcapsules may have regular or irregular shapes and, on the basis of their morphology, can be classified as mononuclear, polynuclear, and matrix types ( Fig. 1.9 ).
Mononuclear (core-shell) microcapsules contain the shell around the core, while polynuclear capsules have many cores enclosed within the shell. In matrix encapsulation, the core material is distributed homogeneously into the shell material. In addition to these three basic morphologies, microcapsules can also be mononuclear with multiple shells, or they may form clusters of microcapsules.
Benef its of Microencapsulation
Microcapsules have a number of interesting advantages, and the main reasons for microencapsulation can be summarized as follows:
• Protection of unstable, sensitive materials from their environments prior to use.
• Better processability (improving solubility, dispersibility, f lowability). • Self-life enhancement by preventing degradative reactions (oxidation, dehydration).
• Controlled, sustained, or timed release.
• Safe and convenient handling of toxic materials.
• Masking of odor or taste.
• Enzyme and microorganism immobilization.
• Controlled and targeted drug delivery.
• Handling liquids as solids.
Microencapsulation Techniques
Numerous preparation technologies available for the encapsulation of core material have been reported [81, 82, 84] . The present discussion focuses on the different microencapsulation techniques that are more relevant to the coating industries, and also provides a comprehensive review of recently developed methods. In general, microencapsulation techniques are divided into two basic groups, namely chemical and physical, with the latter being further subdivided into physico-chemical and physico-mechanical techniques. Some of the important processes used for microencapsulation are summarized in Table 1 .1.
Chemical Methods
In-situ processes such as emulsion, suspension, precipitation or dispersion polymerization and interfacial polycondensations are the most important chemical techniques used for microencapsulation [85] [86] [87] [88] [89] [90] . An image of microcapsules with an aqueous core and silicone shell prepared using in-situ polymerization is shown in Figure 1. 10.
An in-depth discussion on the major in-situ polymerization processes is provided in Chapter 4. In addition, encapsulation using the mini emulsion process is discussed in Chapter 2, and interfacial polycondensations processes are described in Chapter 5. 
Chemical processes
Physical processes Physico-chemical Physico-mechanical
• Spray-drying and emulsion
• Layer-by-layer
Physico-Chemical Processes
Coacervation
The first systematic approach of phase separation -that is, partial desolvation of a homogeneous polymer solution into a polymer-rich phase (coacervate) and the poor polymer phase (coacervation medium) -was realized by Bungenberg and colleagues [91, 92] . These authors termed such a phase separation phenomenon "coacervation". The term originated from the Latin ›acervus‹ , meaning "heap". This was the first reported process to be adapted for the industrial production of microcapsules. Currently, two methods for coacervation are available, namely simple and complex processes. The mechanism of microcapsule formation for both processes is identical, except for the way in which the phase separation is carried out. In simple coacervation a desolvation agent is added for phase separation, whereas complex coacervation involves complexation between two oppositely charged polymers.
Complex coacervation
Complex coacervation is carried out by mixing two oppositely charged polymers in a solvent (usually water); the process is shown schematically in Figure 1 .11.
The three basic steps in complex coacervation are: (i) preparation of the dispersion or emulsion; (ii) encapsulation of the core; and (iii) stabilization of the encapsulated particle. First the core material (usually an oil) is dispersed into a polymer solution (e.g., a cationic aqueous polymer). The second polymer (anionic, watersoluble) solution is then added to the prepared dispersion. Deposition of the shell material onto the core particles occurs when the two polymers form a complex. This process is triggered by the addition of salt or by changing the pH, temperature or by dilution of the medium. The shell thickness can be obtained as desired by controlled addition of the second polymer. Finally, the prepared microcapsules are stabilized by crosslinking, desolvation or thermal treatment.
Complex coacervation is used to produce microcapsules containing fragrant oils, liquid crystals, f lavors, dyes or inks as the core material. Porous microcapsules can also be prepared using this technique. When using this technique, certain conditions must be met to avoid agglomeration of the prepared capsules [93] . A micrograph of microcapsules prepared using the coacervation technique is shown in Figure 1 .12. 
Encapsulation by Polyelectrolyte Multilayer
Layer by layer (L-B-L) electrostatic assembly of electrically charged particles has attracted much attention due to its enormous potential in multilayered thin film preparations with a wide range of electrical, magnetic and optical properties [94] [95] [96] [97] [98] . Polyelectrolyte multilayers are the most widely studied examples of L-B-L assembly, and are prepared by sequentially immersing a substrate in positively and negatively charged polyelectrolyte solutions in a cyclic procedure. However, other charged particles such as nanoparticles, ionic dyes and metal ions are used for preparing L-B-L assembly. Core-shell particles with tailored size and properties are prepared using colloidal particle as the core material that serves as a template onto which multilayers are fabricated. Hollow capsules of organic, inorganic or hybrid particles can be obtained by dissolving the core material. This technique is both versatile and simple, with the multilayer film thickness being controlled precisely by varying the total number of layers deposited; in this way the final properties can be tuned. A detailed discussion of L-B-L assembly for microcapsule preparations is provided in Chapter 3.
Polymer Encapsulation by Rapid Expansion of Supercritical Fluids
Supercritical f luids are highly compressed gasses that possess several advantageous properties of both liquids and gases. These f luids have attracted much attention in recent years, the most widely used being supercritical CO 2 , alkanes (C 2 to C 4 ), and nitrous oxide (N 2 O). They have low hydrocarbon-like solubility for most solutes and are miscible with common gases such as hydrogen (H 2 ) and nitrogen (N 2 ). A small change in temperature or pressure causes a large change in the density of supercritical f luids near the critical point -a property which enhances their use in several industrial applications. Supercritical CO 2 is widely used for its low critical temperature value, in addition to its nontoxic, nonf lammable properties; it is also readily available, highly pure and cost-effective. It has found applications in encapsulating active ingredients by polymers. Different core materials such as pesticides, pigments, pharmaceutical ingredients, vitamins, f lavors, and dyes are encapsulated using this method [99] [100] [101] . A wide variety of shell materials that either dissolve (paraffin wax, acrylates, polyethylene glycol) or do not dissolve (proteins, polysaccharides) in supercritical CO 2 are used for encapsulating core substances. The most widely used methods are as follows:
• Rapid expansion of supercritical solution (RESS) • Gas anti-solvent (GAS) • Particles from gas-saturated solution (PGSS)
Rapid expansion of supercritical solution
In this process, supercritical f luid containing the active ingredient and the shell material are maintained at high pressure and then released at atmospheric pressure through a small nozzle. The sudden drop in pressure causes desolvation of the shell material, which is then deposited around the active ingredient (core) and forms a coating layer. The disadvantage of this process is that both the active in-gredient and the shell material must be very soluble in supercritical f luids. In general, very few polymers with low cohesive energy densities (e.g., polydimethylsiloxanes, polymethacrylates) are soluble in supercritical f luids such as CO 2 . The solubility of polymers can be enhanced by using co-solvents. In some cases nonsolvents are used; this increases the solubility in supercritical f luids, but the shell materials do not dissolve at atmospheric pressure. A schematic of the microencapsulation process using supercritical CO 2 is shown in Figure 1 .13.
Kiyoshi et al. had very recently carried out microencapsulation of TiO 2 nanoparticles with polymer by RESS using ethanol as a nonsolvent for the polymer shell such as polyethylene glycol (PEG), poly(styrene)-b-(poly(methylmethacrylate)-copoly(glycidal methacrylate) copolymer (PS-b-(PMMA-co-PGMA) and poly(methyl methacrylate) [102] .
Gas anti-solvent (GAS) process
This process is also called supercritical f luid anti-solvent (SAS). Here, supercritical f luid is added to a solution of shell material and the active ingredients and maintained at high pressure. This leads to a volume expansion of the solution that causes supersaturation such that precipitation of the solute occurs. Thus, the solute must be soluble in the liquid solvent, but should not dissolve in the mixture of solvent and supercritical f luid. On the other hand, the liquid solvent must be miscible with the supercritical f luid. This process is unsuitable for the encapsulation of water-soluble ingredients as water has low solubility in supercritical f luids. It is also possible to produce submicron particles using this method.
Particles from a gas-saturated solution (PGSS)
This process is carried out by mixing core and shell materials in supercritical f luid at high pressure. During this process supercritical f luid penetrates the shell material, causing swelling. When the mixture is heated above the glass transition temperature (T g ), the polymer liquefies. Upon releasing the pressure, the shell material is allowed to deposit onto the active ingredient. In this process, the core and shell materials may not be soluble in the supercritical f luid. Within the pharmaceutical industry, preformed microparticles are often used for the entrapment of active materials using supercritical f luids under pressure. When the pressure is released, the microparticles shrink and return to their original shape and entrap the ingredients.
1.9.3
Physico-Mechanical Processes 1.9.3.1 Co-Extrusion The co-extrusion process was developed by Southwest Research Institute in the United States, and has found a number of commercial applications. A dual f luid stream of liquid core and shell materials is pumped through concentric tubes and forms droplets under the inf luence of vibration ( Fig. 1.14) . The shell is then hardened by chemical crosslinkings, cooling, or solvent evaporation. Different types of extrusion nozzles have been developed in order to optimize the process [103] .
Spray-Drying
Microencapsulation by spray-drying is a low-cost commercial process which is mostly used for the encapsulation of fragrances, oils and f lavors. Core particles are dispersed in a polymer solution and sprayed into a hot chamber (Fig. 1.15) . The shell material solidifies onto the core particles as the solvent evaporates such that the microcapsules obtained are of polynuclear or matrix type. Very often the en- capsulated particles are aggregated and the use of large amounts of core material can lead to uncoated particles. However, higher loadings of core particles of up to 50-60% have been reported [104] . Water-soluble polymers are mainly used as shell materials because solvent-borne systems produce unpleasant odors and environmental problems.
Fluidized-Bed Technology
With the high demand for encapsulated materials in the global market, f luid-bed coaters have become more popular. They are used for encapsulating solid or porous particles with optimal heat exchange [105] . The liquid coating is sprayed onto the particles and the rapid evaporation helps in the formation of an outer layer on the particles. The thickness and formulations of the coating can be obtained as desired. Different types of f luid-bed coaters include top spray, bottom spray, and tangential spray ( Fig. 1.16 ).
• In the top spray system the coating material is sprayed downwards on to the f luid bed such that as the solid or porous particles move to the coating region they become encapsulated. Increased encapsulation efficiency and the prevention of cluster formation is achieved by opposing f lows of the coating materials and the particles. Dripping of the coated particles depends on the formulation of the coating material. Top spray f luid-bed coaters produce higher yields of encapsulated particles than either bottom or tangential sprays.
• The bottom spray is also known as "Wurster's coater" in recognition of its development by Prof. D.E. Wurster [106] . This technique uses a coating chamber that has a cylindrical nozzle and a perforated bottom plate. The cylindrical nozzle is used for spraying the coating material. As the particles move upwards through the perforated bottom plate and pass the nozzle area, they are encapsulated by the coating material. The coating material adheres to the particle surface by evaporation of the solvent or cooling of the encapsulated particle. This process is continued until the desired thickness and weight is obtained. Although it is a timeconsuming process, the multilayer coating procedure helps in reducing particle defects.
• The tangential spray consists of a rotating disc at the bottom of the coating chamber, with the same diameter as the chamber. During the process the disc is raised to create a gap between the edge of the chamber and the disc. The tangential nozzle is placed above the rotating disc through which the coating material is released. The particles move through the gap into the spraying zone and are encapsulated. As they travel a minimum distance there is a higher yield of encapsulated particles.
Spinning Disk
The microencapsulation of suspended core materials using a rotating disc was first developed by Prof. R.E. Sparks [107] . A schematic diagram of the process is shown in Figure 1 .17. Suspensions of core particles in liquid shell material are poured into a rotating disc and, due to the spinning action of the disc, the core particles become coated with the shell material. The coated particles, along with the excess shell material, are then cast from the edge of the disc by centrifugal force, after which the shell material is solidified by external means (usually cooling). This technology is rapid, cost-effective, relatively simple and has high production efficiencies. For optimum encapsulation, spherical core particles with diameters of ~100 to 150 μm and rapidly cooling shell materials are required. Although a variety of alternative microencapsulation techniques is available (for details of sol-gel techniques, see Chapter 8) , no single method is suitable for encapsulating different types of core material. Ultimately, the best method will depend upon the type of core material, the required particle size, the permeability of the shell wall, and the different properties of the microcapsule, and consequently the process must be custom-tailored in order to provide a satisfactory outcome. An overview of the size of microcapsules obtained by different techniques is provided in Table 1 
Enhancing Coating Functionalities with Microcapsules
Microcapsules can be used in a wide variety of applications [82, 108, 109] , since the versatility of microencapsulation technologies offers unlimited combinations of core and shell materials for their production. To date, few investigations have been made into possible applications of microcapsules in functional coating developments. Microcapsules are applied onto substrates in various ways. For example, they may be sprayed over an existing coating layer, perhaps to provide immediate release of lubricants or perfumes. The most two common process of applying microcapsules in coatings are either to incorporate them into a coating formulation or by their electrolytic co-deposition with metal ions ( Fig. 1.18 ; see also Chapter 9) [110, 111] . The mixing of microcapsules with coating binders require compatibility of the shell material with the binder. Generally, microcapsules are used in coatings for controlled-release applications, but microcapsules containing active ingredients such as biocides can also be trapped inside a coating matrix that will release the contents slowly over time. Another interesting example is to use microcapsules in the development of self-healing coatings [112] . For this, microcapsules containing monomer, crosslinker or catalysts are incorporated into a coating matrix such that, when a coating ruptures, the microcapsules along the rupture break open and release their contents. Subsequently, the monomer polymerizes, crosslinks, and fills the damage, thereby preventing further propagation. An innovative example is the use of microencapsulated phase-change material (PCM) particles in interior coatings for buildings [113, 114] . During the day, as the temperature rises, the core material melts and stores heat. During the night, when the temperature falls, the heat stored inside the capsules is released, thereby reducing energy needs. Clearly, for heat management to be effective, the correct quantities of microcapsules must be used in the preparation of such coatings. Other applications include microencapsulated dyes used to formulate color coatings, and foaming agents (e.g., sodium bicarbonate) which can be microencapsulated to generate foams during curing processes. Microcapsules containing perfumes, insecticides, chemicals, and heator pressure-sensitive dyes can also be used for functional coating preparations. The use of polymers with different T g values can be used to create microcapsules that can be added to coatings in order to produced specialized functions, for example vibration damping. Finally, microcapsules containing nanoparticles may be used in the design of functional surfaces with improved physical, optical, mechanical, electrical, or chemical properties.
Conclusions
Microencapsulation has already been proven as a successful technology for commercial applications in the pharmaceutical and agrochemical industries and, more recently, also in the textile industry. In general, however, the technology remains largely unexplored, notably in the field of functional coatings where the possibilities of obtaining functional surfaces using microcapsules are almost unlimited. The technology allows combinations to be made of the properties of different materials that are difficult or even impossible with other available technologies. The high cost of microencapsulation may often be a prohibitive factor, though in some cases it is justified by the added value of the products. As worldwide demands for functional coatings continue to increase, new, cost-effective microencapsulation technologies will be developed and the technology will remain at the forefront of future research. At present, the industry's major problem is to provide functional coatings that are easy to apply and have long-term stability; consequently, attention will be focused in this area.
Abbreviations

CB
conduction band GAS gas anti-solvent ICP intrinsically conductive polymer L-B-L layer by layer PCM phase-change material PGSS particles from gas-saturated solution RESS rapid expansion of supercritical solution SAS supercritical f luid anti-solvent TBT tributyl tin T g glass transition temperature VB valence band
